Introduction
In the field of sportswear, moisture management and antibacterial properties of the textiles are two critical issues for comfort and well-being, especially for people living in tropical countries. Since both the temperature and humidity in these countries are fairly high, people may suffer excessive perspiration in sports activities, and the hot and humid environment is also a favourable condition for microbial growth. 1 In tropical environments, the surface of textiles will dry slowly due to the high humidity, hindering moisture transport. Thus the textiles used need to possess good moisture management properties to maintain the thermal balance of the wearer. [2] [3] [4] If excessive sweat cannot be transported away fast enough, the accumulated sweat on the skin will also give rise to an uncomfortable feeling of dampness. In addition, contact between the skin and the wet inner surface of textiles will cause an increase in friction between the skin and textile, which could affect wear comfort or even cause skin irritation. [5] [6] [7] [8] [9] In textiles, the micro-grooves on the fiber surface foster capillary absorbency, siphoning moisture, which then diffuses and spreads over the fiber surface to facilitate dissipation.
To improve moisture transport properties of textiles, various approaches have been adopted. For example, hydrophilic surface modification of hydrophobic textile fibers 10, 11 can provide moisturewicking fabrics through enhancing surface moisture transport, while retaining the good water release property of the hydrophobic fibers. Reduction in textile fibre diameter can help to increase the water evaporation rate and boost the capillary effect of the textiles. 12 The use of dual-layer textiles composed of a hydrophobic inner layer and a hydrophilic outer layer is also an effective strategy to transport moisture through the textiles. In such dual-layer textiles, which are also called 'push-pull' fabrics, the sweat on the skin can diffuse into the inner layer and be 'pushed' from the hydrophobic inner layer and 'pulled' into to the hydrophilic outer layer because of the large difference in hydrophobicity between the two layers. 3, 13 The hydrophobic inner layer, consisting of fibers of non-absorbent materials, does not absorb the sweat although there are plenty of surface grooves and spaces between the fibers to hold a small amount of sweat. The absorbent material in the outer layer draws the sweat away from the inner layer via hydrophilic force and capillary action, while the non-absorbent inner layer keeps the skin dry. Based on this mechanism, the hydrophobic inner layer should be fairly thin in order to let the sweat pass through it quickly. Recently, using electrospun nanofibrous mats as model systems, it was demonstrated that a synergistic combination of these approaches could further improve moisture transport properties of dual-layer textiles.
14 A warm, damp textile next to the skin provides a good substrate for the growth of micro-organisms.
Although a broad range of micro-organisms can coexist in natural equilibrium with the human body, rapid and uncontrolled growth of microbes can lead to some serious problems, including unpleasant odour, the increase of potential health risks and degradation of the fibers. [15] [16] [17] Since conventional fabrics do not have antibacterial properties, a variety of antibacterial agents have been loaded into fabrics, or attached directly onto the surface of the fabrics to render textiles antibacterial. For example, by simultaneous sonochemical dyeing and coating, antibacterial metal oxide nanoparticles have been coated onto fabrics. 18 To achieve antibacterial properties, polylactide/zinc oxide nanocomposite filaments have been fabricated by a melt-spinning process. 19 Zinc oxide (ZnO) is widely used as an antibacterial agent because it is nontoxic, biosafe and has low cost. [20] [21] [22] [23] [24] [25] It is also worth noting that moisture transport and antibacterial properties are closely related.
Textiles with good moisture management properties could provide a drier environment between skin and textiles, and hence lower the speed of bacterial growth. Thus novel design strategies are needed to address both moisture transport and antibacterial issues. In this work, for the first time,
antibacterial properties are introduced into a push-pull dual-layer mat, which is composed of a thick hydrophilic polyacrylonitrile (PAN) nanofibrous layer and a thin hydrophobic polyvinylidene fluoride (PVDF) nanofibrous layer with covalently bonded ZnO nanoparticles on the PVDF nanofibers. PVDF was chosen as the inner layer of the dual-layer mats mainly for two reasons.
Firstly, PVDF is hydrophobic, which ensures that the inner side of the textile will not stick to wet skin, while water can be pulled out by the hydrophilic outer layer (PAN). Secondly, the chemical structure of PVDF allows the ZnO nanoparticles to be covalently attached onto the functionalized PVDF. Compared with the approach of loading nanoparticles into the fibers, this approach can increase the direct contact area of the antibacterial agent with the surrounding media, providing a more efficient antibacterial function. Also the covalent bonding between the nanoparticles and the nanofibers can prevent the detachment of the nanoparticles, leading to a more durable antibacterial property while also overcoming the potentially harmful effect of the nanoparticles in contact with skin. More importantly, this design can give the dual-layer mat both good moisture transport and antibacterial functions. In this paper, the unique structure and morphology of the hybrid nanofibrous mats are reported, and the resultant good antibacterial, anti-wash, and moisture management properties of the mats are demonstrated. Poly(vinylidene fluoride-co-hexafluoropropene) (solef 11008, Mw=115,000) was purchased from Solvay Solexis Inc. (USA). It is referred to as PVDF in the following sections for simplicity. All materials were used without further purification.
Experimental Work

Preparation of cross-linked PVDF nanofibrous mats
Cross-linked PVDF nanofibrous mats were prepared according to the procedure reported by Zhou et al. 26 DAP was added to PVDF DMF/acetone solution (18 wt% PVDF), followed by magnetic stirring for 1 hour. The solution was electrospun into nonwoven nanofibrous mats at an applied voltage of 18 kV and feeding rate of 0.20 ml/h. A grounded aluminium foil was located at a fixed distance of 15 cm from the needle tip to collect the nanofibrous mats. Electrospinning was carried out for 5 minutes for standard mats and for 3 hours for thick mats. Then the mats were cured in an oven at 120 ˚C for 1 hour. The mats are denoted as PVDF and PVDF-thick, respectively.
Preparation of ZnO-attached PVDF nanofibrous mats and dual-layer mats
It has been reported that silane-functionalized PVDF nanofibers provide a versatile platform for covalently attaching inorganic oxide nanoparticles (such as SiO2, TiO2 and Al2O3) on PVDF nanofibers. [25] [26] [27] [28] In this work, the reported procedure was modified for covalently attaching ZnO. In the first step, PVDF and PVDF-thick were immersed in 10 wt% APTES ethanol solution for 10 hours at 70 ˚C, to allow the silane group to be grafted on to the surface of the fibers. The resultant nanofibrous mats are denoted as Si-PVDF and Si-PVDF-thick, respectively. In the second step, the for 1hour, then rinsed and dried at 60˚C for 2 hours. These products are denoted as ZnO-PVDF and ZnO-PVDF-no silane, respectively. Using the same route, seed-Si-PVDF-thick mats were immersed in Zn(NO3)2 and HMTA blend solutions for 0.5 hour, 1 hour and 3 hours, respectively, and then rinsed and dried at 60˚C for 2 hours. They are denoted as 0.5-ZnO-PVDF-thick, 1-ZnO-PVDF-thick and 3-ZnO-PVDF-thick, respectively.
PAN solution in DMF (7 wt% PAN) was prepared by dissolving PAN powder in DMF under continuous magnetic stirring. The ZnO-PVDF nanofibrous mats obtained in the previous step were peeled off from the aluminum foil. Each of them had one surface with covalently attached ZnO nanoparticles and the other surface (which had been in touch with the aluminum foil) without ZnO.
PAN nanofibers were then electrospun onto the surfaces with and without ZnO, respectively, for 1.5 hours using the setup mentioned above. The combined mats consisting of a PAN layer (around 100 µm thick) and a ZnO-PVDF layer (around 5 µm thick) were then laminated together using a paper laminator (PRO BiO 320) at 70˚C and at a rolling speed of 50 rpm. The resultant dual-layer mats are denoted as PVDF-ZnO/PAN (PAN electrospun onto the surface with ZnO) and ZnO-PVDF/PAN (PAN electrospun onto the surface without ZnO), respectively. PAN nanofibers were also directly electrospun onto aluminum foil to make a reference sample, which is denoted as PAN.
Characterization
Sample morphologies were observed using a field-emission scanning electron microscopy (FESEM, JEOL 7600F). FESEM images were obtained under an accelerating voltage of 5 kV and at a working distance of 8 mm. All samples were coated with a thin layer of gold before imaging.
XRD tests were conducted using a XRD-6000 Shimadzu diffractometer. Moisture transport ability of the samples was measured using a Moisture Management Tester (MMT). FTIR spectroscopy was recorded using a PerkinElmer (Frontier) spectrometer. Contact angles of the samples were measured using a contact angle tester (dataphysics, OCA 15 PRO)
To test the anti-wash property, the ZnO-PVDF and ZnO-PVDF-no silane samples were immersed in detergent aqueous solution (4 g/L). The washing was conducted for 20 hours and 40 hours with continuous shaking. Subsequently, the mats were immersed in deionized water for two hours with continuous shaking, and then rinsed with deionized water several times to remove the detergent and other chemicals. The fibers after washing are denoted as washed-20h-ZnO-PVDF, washed-40h-ZnO-PVDF, washed-20h-ZnO-PVDF-no silane and washed-40h-ZnO-PVDF-no silane.
Bacterial cultures of E. coli-K12 (Wild Type) were prepared in 100ml LB Broth, Miller, inoculated and incubated at 37 °C overnight. LB Agar plates were seeded with 1ml of overnight culture. Discs of test material were placed onto plates and incubated at 37 °C overnight. The inhibition zones were photographed and the samples were observed by FESEM.
Results and Discussion
In this work, both PAN and PVDF nanofibers were prepared by electrospinning, while ZnO nanoparticles were covalently attached onto the surface of the electrospun PVDF nanofibers to form hybrid mats through a sol-gel-based process, as shown in Scheme 1. The PVDF nanofibrous mats were cross-linked in order to improve their structural integrity for facilitating the sol-gel reaction. The hybrid and PAN mats are firmly stacked together via a simple laminating process, and the laminated mats are denoted as ZnO-PVDF/PAN dual-layer mats. In order to illustrate the properties of the ZnO-PVDF/PAN dual-layer mats, some reference samples were also prepared.
The sample preparation conditions are summarized in Table 1 . Scheme 1. Preparation of ZnO-PVDF/PAN dual-layer mats 
Structure and morphology of the PVDF nanofibrous mats with covalently attached ZnO
To confirm the successful preparation of ZnO-PVDF hybrid mats, following the preparation route, the morphologies of the nanofibrous mats were observed step by step. Since a relatively large amount of ZnO is required for composition analysis by EDX, relatively thick mats (thickness 100 m) were used for the SEM characterization. As shown in Figs. 1a-1c, the morphology of the mats does not show any obvious change after the attachment of silane, and the coating of the ZnO seed layer. The attachment of silane groups and the seeding layer were confirmed by FTIR (Fig. S1 ).
After the sol-gel reaction, large amounts of ZnO nanoparticles are attached onto the nanofibers.
With the increase of the sol-gel reaction time, the ZnO nanoparticles gradually grow into nanorods.
The EDX results in Table 2 show the increases of both Zn and O contents with the reaction time, corroborating the SEM observation. In our design, the ZnO-attached PVDF mats are used as the hydrophobic inner layer of the duallayer mat. The hydrophobic layer should be fairly thin in order to let the moisture pass through it quickly and, therefore, thin hybrid mats (ZnO-PVDF, about 5 m thick) were fabricated. In order to prevent folding of the mat and achieve uniform attachment of the ZnO nanoparticles on the PVDF mat in the sol-gel reaction, the mats collected on aluminum foils were directly suspended in the solgel solution for reaction for 1 hr. In the reaction, one side of the mat was fully exposed to the reaction solution, while the other side was in touch with the aluminum foil. The morphologies of both sides of ZnO-PVDF are shown in Figs. 4a and 4b. It can be seen that on the top surface (which was fully exposed to the reaction solution), the ZnO nanoparticles are uniformly attached to the nanofibers. This is hence denoted as ZnO-PVDF top surface (the side w/ ZnO). By contrast, on the bottom surface (which was in touch with the the aluminum foil) there are almost no ZnO nanoparticles on the nanofibers, implying that although the thickness of the mat is fairly small, the To further confirm the anti-bacterial property of the ZnO-PVDF mat, the surfaces after the antibacterial test were observed using FESEM to check the presence of bacteria, and the results are shown in Figs. 4e and 4f. It can be seen that there are no bacteria on both sides of the ZnO-PVDF mats. In the experiment, the nanofibrous mats were observed by FESEM without washing after the antibacterial test. The surface of the nanofibers was largely covered with the residues of the culture in the test. Therefore the ZnO nanoparticles on the nanofibers could not be observed after the test.
The above results indicate that the presence of ZnO nanoparticles on the front surface of the ZnO-PVDF mats can effectively prevent the growth of the bacteria on the front side of the samples. The
ZnO nanoparticles attached to the front surface can also prevent the growth of bacteria on the back side of the mats because the mats are only about 5m thick. By contrast, the result of our control test shows that the bacteria could grow on neat PVDF mats, confirming that the absence of bacteria on the back side of the thin ZnO-PVDF mat is due to the ZnO and not to the hydrophobic nature of PVDF. The control test result will be presented and discussed in more detail in the section concerning dual-layer mats. 
Properties of the dual-layer mats
To study the moisture transport properties of the dual-layer nanofibrous mats, the wettability of the mats and their components should be investigated first. In our design, an inner hydrophobic ZnO-PVDF layer (the layer next to skin) is combined with a hydrophilic PAN outer layer to induce the push-pull effect to drive the moisture out from the skin and prevent wet fabric from sticking to the skin. With this design, the inner hydrophobic layer has to be very thin to allow water to pass quickly through it, ensuring good water transport through the dual-layer mats. At the same time, the hydrophilic PAN layer should be relatively thick in order to pull the moisture out efficiently.
Considering that water evaporation at the surface of the PAN layer takes time, with a very thin PAN layer that has a very small volume for holding water, the push-pull effect would easily cause the water content of the PAN layer to reach a high level, diminishing the push-pull effect. Thus, a thin ZnO-PVDF layer (5 m thick) and a thick PAN layer (100 µm thick) are used as the inner and outer layers of the dual-layer mats, respectively.
To study the wettability of the mats, the time-dependent apparent contact angles of the samples were tested. In this case, since the electrospun non-woven mats have numerous inter-penetrating micron-sized pores, even if the material is hydrophobic a very small amount of water can penetrate into the mats slowly due to gravity. In order to distinguish the contact angle measured on such porous mats from that measured on a solid surface, we use the term "apparent contact angle".
Usually, the time-dependent apparent contact angle is determined by both water spreading on the testing surface and penetrating into the pores of the mats. The images in Figure 7a show the changes of the apparent contact angles with time, and the test results are summarized in Figure 7b .
The neat PVDF mat is very hydrophobic. During the test, although a small amount of water can penetrate into the PVDF mats very slowly due to gravity and hence the volume of the droplet decreases slightly, the droplet cannot spread on the surface of the PVDF mat at all (Fig. 7a(i)) owing to the high hydrophobicity of PVDF and the lotus effect. Hence the apparent contact angle does not change with the droplet volume reduction. The apparent contact angle of the PVDF mat is almost a constant in the test period of ten minutes. By contrast, PAN is hydrophilic and hence the water could both spread on the surface and penetrate into the mats, causing it to disappear in less than 3 seconds (Fig. 7a (ii) ).
As already mentioned, the thin ZnO-PVDF mat has two distinctly different surfaces, one consists of PVDF nanofibers fully covered with ZnO nanoparticles (ZnO side) while the other consists of neat PVDF nanofibers (PVDF side). The ZnO side is more hydrophilic, and the water droplet could penetrate into the mat in l00 seconds (Fig. 7a(iii) . When a PAN layer is added at the bottom of the ZnO-PVDF layer with the ZnO side on top to form a ZnO-PVDF/PAN dual-layer mat, the water could penetrate into the mat faster due to the push-pull effect induced by the difference in hydrophilicity of the two layers. However, although the volume of the water droplet on the surface reduces quickly for the dual-layer mat (Fig. 7a(iv) ), the time dependent behaviour of the apparent contact angle of the dual layer mat is almost identical to that of the ZnO-PVDF single-layer mat with the ZnO side on top (Fig. 7b) .
In contrast, the phenomenon observed from the ZnO-PVDF single-layer mat with the PVDF side on top is close to that of the neat PVDF film, i.e., the droplet penetrates into the mats very slowly (in nearly 7 minutes, Fig. 7a(v) ). In addition, when a PAN layer is added to the bottom of the ZnO-PVDF layer with the PVDF surface on top to form a PVDF-ZnO/PAN dual-layer mat, the time dependent behaviour of the apparent contact angle of this dual layer mat is quite different from that of the ZnO-PVDF single-layer mat with the PVDF side on top; the water could penetrate into the PVDF-ZnO/PAN mat faster, in only 140 seconds. Thus after combination with a hydrophilic PAN mat, the hydrophilicity difference between the two layers also induces a push-pull effect, although the resultant water transport in PVDF-ZnO/PAN is slower than that in ZnO-PVDF/PAN (Fig. 7b) . As explained above, since the ZnO-PVDF electrospun mat has interpenetrating pores, a small amount of water can penetrate into the mat due to gravity, and in the ZnO-PVDF/PAN dual-layer mat water will be pulled into the PAN layer due to the hydrophilicity difference between the two layers. This enhances the moisture transport property of the dual-layer mat. However, the apparent contact angle measurements cannot adequately characterize such water transport behaviour because although the apparent contact angles of the ZnO-PVDF single-layer and ZnO-PVDF/PAN duallayer mats are similar, their water transport mechanisms are different. Thus, the MMT tester is needed to further study the water transport behaviour of the dual-layer mats. 
Conclusions
In this paper, dual-layer nanofibrous mats composed of a thick hydrophilic PAN nanofibrous layer and a hydrophobic PVDF nanofibrous layer with covalently attached ZnO nanoparticles are designed and fabricated. The antibacterial property of the dual-layer mats rendered by the surfacelocated ZnO nanoparticles is verified, and it is found that the hybrid mats with covalently bonded
ZnO nanoparticles have good anti-wash properties. The dual layer mats also show good moisture transport properties and therefore could provide a drier environment between the skin and textile, which can enhance the wear comfort and reduce the growth of bacteria.
